Introduction
The extratropical circulation variability is often separated into high-and low-frequency components based on their dynamical origin. The former is dominated by synoptic-scale baroclinic waves having the time scale of several days whereas the latter, containing various time scales from week to season, is dominated by several horizontal patterns. The archetypal in the Northern Hemisphere (NH) winter is the North Atlantic Oscillation (NAO), and its hemispheric extension called the northern annular mode (NAM). The NAO/NAM has the center of action over the North Atlantic, but also 3 3 accompanies significant zonal-mean flow anomalies characterized by a meridional dipole between the subtropics and high latitudes.
Among mechanisms so far proposed to explain why the NAO/NAM is dominant, the primary candidate is an interaction with the synoptic eddy activity, or the storm track [Lau 1988; Kug and Jin 2009] . Theoretical studies [e.g., Lorenz and Hartmann 2003; Vallis et al. 2004; Jin et al. 2006a,b] show that the synoptic eddies, which can often be assumed to be stochastic, are systematically stirred by the low-frequency flow anomaly, and positively feedback on it via the momentum flux anomalies. This interaction is approximated by linear process in the above studies, but nonlinearity will not be negligible when the anomalies have finite amplitude.
In general, momentum fluxes due to synoptic waves occur when they break, which is strongly nonlinear. Indeed, recent studies point out that the NAO accompanies systematic changes in the wave breaking process of the synoptic eddies [Franzke et al. 2004; Martius et al. 2007; Riviere and Orlanski 2007] . Therefore, in this paper, the eddy feedback to the NAO is examined with a fully nonlinear dynamics. To do so, we perform the so-called baroclinic wave life cycle experiments, in which the eddy-mean flow interaction is treated as initial-value problem [Simmons and Hoskins 1978] .
Although the NAO/NAM has a regional feature associated with stationary eddies, we simplify the problem by ignoring the longitudinal dependence. The life cycle experiment is performed with a given initial perturbation imposed on a baroclinically unstable, zonally uniform initial state to simulate the perturbation growth and decay together with the stabilization of the initial state during 30 days. Since we focus on the boreal winter circulation over the North Atlantic, an idealized basic zonal-mean state is constructed by referring to the December-February (DJF) climatology of the NCEP/NCAR reanalysis [Kistler et al. 2001] averaged over the Atlantic sector of 90°W-30°E. The observed Atlantic jet is tilted to north-east; therefore the sector-averaged zonal wind has a broad meridional structure having the maximum of 41 ms -1 at 38°N (Figure 1a ). The idealized basic As shown by the previous studies [Simmons and Hoskins 1980; Thorncroft et al. 1993; Akahori and Yoden 1997; Balasubramanian and Garner 1997; Hartmann and Zuercher 1998 ], the eddy life cycle can be morphologically distinctive depending on the polarity of the imposed initial In the life cycle experiment that lacks forcing to maintain baroclinically unstable state, the jet's barotropization occurs due to the eddy feedback [Simmons and Hoskins 1978] . The initial jet in the reference integration is stabilized by the growth of the baroclinic waves (not shown), as well as shifted poleward in the upper troposphere by the eddy momentum forcing at around days 10-15 (shading in Figure 3 ). The wave breaking that causes u v ′ ′ can also occur for both positive and negative α , but in a different manner ( is most conspicuous at 6 α = + in STD, which is also visible in Figure   3a ,b, indicating the strongest positive feedback. Interestingly, the equilibrium zonal wind anomalies in USY are similar to those in STD and UBR; they are shifted to north by about 10 degrees from a U given in USY.
This suggests that the meridional profile of a U that is asymmetric about the mean jet (Figure 1c) is favored by the eddy feedback.
The degree of the positive eddy feedback is systematically examined by
is the time-mean anomaly of the eddy momentum forcing to U (Fig. 4c ). This quantity, called the eddy feedback factor, is calculated by regressing ya F on to a U , and measures the growth rate of the initial zonal wind anomaly due to interaction with baroclinic eddies. As inferred from Fig. 4a ,b, the feedback factor is always positive in STD but has the maximum with 6 α = + , when the e-folding time is about 10 days. Beyond this shear, the positive eddy feedback is drastically weakened, and is even insignificant at 12 α ≥ + . With too strong anticyclonic shear, baroclinic waves break too fast, which is not efficient in reinforcing the 10 10 initial zonal wind anomaly (not shown). The above feature suggests that the positive NAO is favored by the eddy feedback, which, however, is limited for moderate amplitude of the NAO.
When the initial shear is purely barotropic, the feedback factor is reduced (enhanced) for positive (negative) α (green curve in Figure 4c ).
Since the anticyclonic shear in STD accompanies intensified baroclinicity to the mean baroclinic zone, and vice versa, the positive feedback found in STD partly arises from change in the low-level baroclinicity. In the presence of the surface stress that is not included in the life cycle experiments, the eddy feedback observed in UBR will not happen because the boundary layer zonal wind anomaly is readily decelerated and hence accompanies a strong vertical shear aloft. Such a change in U will finally result in the eddy feedback close to that obtained in STD.
Summary and discussion
In the present study, dynamical interaction between baroclinic waves and a meridional dipole of the zonal-mean flow anomaly that is an essence of the observed NAO/NAM is examined by using an idealized dynamical model however, depends on the amplitude and meridional, as well as vertical, structure of the shear. In short, the feedback efficiently works for moderate amplitude of the zonal-flow anomaly with the anticyclonic shear, suggesting that the positive NAO is more preferred by the eddy-mean flow interaction.
Our numerical experiments provide clues for the NAO-eddy interaction, but are still highly idealized, and have a gap with the observations, which
show, for example, that the wave breaking associated with the blocking also affects the NAO [Woolings et al. 2008; Strong and Magnusdottir 2008] , and that the regions of LC1/LC2 wave breaking are longitudinally different [Martius et al. 2007 ]. Yet, we believe that the results presented here are the essence of the interaction between the NAO/NAM and synoptic waves, which could be further qualified with a hierarchy of models towards reality. 
